Metaflumizone is the latest addition to the armamentarium of the Na + channel inhibitor insecticide family. We used the Xenopus oocyte expression system and a Markovian model to assess the effect of metaflumizone on Apis mellifera Na + channels (AmNa V 1). Our results reveal that metaflumizone inhibits AmNa V 1 channels by targeting the kinetics of recovery from slow inactivation. Multistate modeling of fast and slow inactivation of the AmNa V 1 channel made it possible to study the effects of metaflumizone on a set of rate constants underlying the transition between the open and inactivated conformations and provided insights into their specificity. We conclude that the methods we used could be extended to assessing the toxicity of other Na + channel inhibitor insecticides.
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The identification of broad resistance to pyrethroid insecticides has led to the design of Na + channel inhibitor insecticides (SCIs), a new class of chemicals that target Na V channels. SCIs are structurally diverse compounds that are classified based on their molecular target (Na + channels) and their effect (inhibition) [1] . Members of this insecticide family have been known since the 1970s.
Indoxacarb was discovered in the early 1990s and is the first member of the oxadiazine family. The successful commercialization of indoxacarb led to the development of a new generation of insecticides targeting the Na V channels. Indoxacarb induces neurotoxic symptoms in insects, including tremors of thoracic legs followed by mild convulsions and flaccid paralysis [2] . It is a pro-insecticide that is cleaved by enzymes to an active metabolite (DCJW).
Metaflumizone was discovered recently [3] . This broad-spectrum insecticide, which is the latest entry in the SCI family, belongs to the semicarbazone class and was initially developed for veterinary purposes. It is effective against a range of insects, including Lepidoptera, Coleoptera, Hymenoptera, Isoptera, and Diptera. Metaflumizone is a powerful neurotoxic insecticide. It causes paralysis followed by the death of insect larvae within 24 h [4] . It acts by inhibiting Na + channels [4] in a state-dependent manner. Proposed commercial applications for metaflumizone range from tick and flea elimination on domestic animals [5] to urban insect control and crop protection [6] .
Metaflumizone is the active ingredient of Siesta ™ , an insecticide commercialized by Badische Anilin-& Soda-Fabrik that is used in a broad variety of contexts to eliminate ants. However, the intended use of this insecticide may be dangerous given that the molecular target in ants (Na + channels) is very similar to that of honeybees given that both species belong to the Apocrita suborder.
These channels are large 24 transmembrane segment proteins that are responsible for the initiation of action potentials. In mammals, they are essential for muscle contraction, heart rhythmicity, and neuronal firing [7] . Previous studies have indicated that the Apis Mellifera voltage-gated sodium channel 1 (AmNa v 1) is involved in neuronal firing and olfaction [8, 9] .
Upon depolarization, Na + channels undergo conformational changes to reach their activated state, which allows Na + ions to permeate through the central pore of the channel protein. This corresponds to the rapid rising phase of the action potential. After a few milliseconds, the Na + channels inactivate, abolishing Na + permeation, causing a decrease in the membrane potential, which ultimately results in the transition of the Na + channels from the inactivated state to the closed state [10] . SCI insecticides typically prevent the transition between the inactivated and the closed state. They bind to inactivated Na + channels and prevent their entry into the closed state [1] . Slow inactivation is a unique feature of voltage-gated Na + channels whereby, after a prolonged depolarization, they close via a process that is completely different from fast inactivation.
This study expanded upon our previous work [9, 11, 12] by determining the effect of metaflumizone on AmNa V 1 channels. We provide evidence that the molecular tools we developed earlier can be used to assess the potential toxicity of SCI for honeybees.
Materials and methods
The procedures for oocyte handling, RNA injection, and two-microelectrode voltage-clamp recordings have been described earlier and were refined for this study [9, 13] . The capacitance was not compensated here as such compensations may be unreliable for two-microelectrode voltageclamp recordings of sodium currents since their kinetics are typically very fast. However, when current traces are displayed, the fraction of the traces displayed excludes the capacitance to avoid any confusion for the reader. tamycin. The pH was adjusted to 7.6 at room temperature using 1 M NaOH. Macroscopic currents from mRNA-injected oocytes were recorded in Ringer's solution using the two-microelectrode voltage-clamp technique. The membrane potential for the two-microelectrode voltage-clamp technique was controlled using a Warner oocyte clamp (Warner Instruments). The currents were filtered at 5 kHz (À3 dB; four-pole Bessel filter).
The Ringer's bath solution was composed of 116 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 2.9 mM MgCl 2 , and 5 mM HEPES. The pH was adjusted to 7.6 at room temperature using 1 M NaOH.
A stock solution of 10 mM metaflumizone in DMSO was freshly prepared on the day of each experiment. The stock solution was diluted in Ringer's. It was used at a final concentration of 10 lM as its solubility in Ringer solution prevented the use of higher concentrations. Its maximum concentration in DMSO was 0.1% (v/v).
All chemicals and drugs were purchased from SigmaAldrich Canada, except for Leibovitz's L-15 medium, which was purchased from Thermo Fisher Scientific (Burlington, ON, Canada) in powder form. All experiments were carried out at room temperature (% 22°C).
Modeling
The state model of the Na + channels was constructed using a formalism derived from a previous model and from available structural and functional data, as described earlier [8] . Representative current traces from the pulse protocol applied to oocytes expressing the honeybee Na V 1 channel (from n = 7). The pulse protocols consisted of imposing À80 mV to +25 mV voltage steps in 5-mV increments. The oocytes were kept at the holding potential (À100 mV) for 5 s between the voltage steps. (A) Control Na V currents and (B) current recorded after 10-min exposure to metaflumizone. (C) Voltage dependence of activation was measured by plotting a conductance-voltage curve (G-V curve). The peak Na + current was measured for each voltage level imposed and was corrected for the driving force and calculated based on the I-V curves. The curves were then fitted to a Boltzmann equation. The G-V curve was not affected by 10 lM metaflumizone. The fit parameters for both curves were not significantly different: V 1/2 = À32.3 mV AE 1.6 mV, slope factor = À4.2 AE 0.4 mV, n = 4 for control and V 1/2 = À29.0 mV AE 2.0 mV, slope factor = À4.6 AE 0.6 mV, n = 4 for 10 lM metaflumizone. (D) Voltage dependence of inactivation was measured by plotting the normalized current measured in a test pulse as a function of the conditioning pulse imposed beforehand. The curves were then fitted to a Boltzmann equation. Again, the fit parameters for both curves were not significantly different: V 1/2 = À53.2 mV AE 0.8 mV, slope factor = 4.8 AE 0.2 mV, n = 11 for the control and V 1/2 = À52.8 mV AE 1.0 mV, slope factor = 4.8 AE 0.1 mV, n = 13 for 10 lM metaflumizone. (E) Recovery from fast inactivation was measured by plotting the normalized current measured as a function of the delay between a conditioning pulse and the test pulse. The curves were then fitted with a two-exponential equation. The fit parameters for both curves were not significantly different: A fast = 97.5 AE 0.2%, s fast = 7.6 AE 0.6 ms, s slow = 350 AE 60 ms, n = 6 for the control and A fast = 97.2 AE 0.3%, s fast = 7.8 AE 0.5 ms, s slow = 215 AE 20 ms, n = 6 for 10 lM metaflumizone.
considered to be voltage-independent). Simulations and fitting were performed using BERKELEY-MADONNA software (Berkeley, CA, USA). The electrophysiological data were analyzed using macros in Clampfit (pCLAMP v10.0; Molecular Devices, Sunnyvale, CA, USA). The results are expressed as means AE SEM. Statistical comparisons were performed using a one-way ANOVA in SigmaPlot (SYSTAT software, San Jose, CA, USA). Differences were deemed significant at P < 0.05.
Results
The oocytes injected with RNA corresponding to the AmNa V 1 channel and its TipE regulatory subunit produced robust Na + currents that exhibited fast activation and inactivation kinetics (Fig. 1A,B) . Ten-minute exposure of metaflumizone (10 lM) had no effect on the kinetics of activation and inactivation (Fig. 1A,B) . Metaflumizone (10 lM) had no effect on the voltage dependence and kinetics of activation (Fig. 1C) or inactivation (Fig. 1D) . Metaflumizone did not inhibit the recovery from fast inactivation (Fig. 1E) .
To determine the proportion of channels inhibited by metaflumizone, the peak Na + current was measured before the experiment by eliciting a pulse at À10 mV from a holding potential of À80 mV ( Fig. 2A, red trace) . The bath was then perfused with the test solution (Ringer's and 0-10 lM metaflumizone) for 5 min. The oocytes were then subjected to an inactivation protocol that consisted of changing the holding potential from À80 mV to À20 mV for Fig. 2 . Metaflumizone inhibits the recovery of the honeybee Na v 1channel from slow inactivation. (A,B) Typical current traces generated in response to a depolarization pulse to À10 mV from a holding potential of À80 mV are displayed. The current traces measured before the application of the slow inactivation protocol are shown in red. The current traces recorded after the application of the slow inactivation protocol are shown in black for the control (Ringer's, 0.1% DMSO) and in cyan for the maximal dose tested (Ringer's, 0.1% DMSO, 10 lM metaflumizone). (C) The kinetics of the recovery from inactivation protocol are displayed. The peak Na + current measured every 4 s after the inactivation protocol was normalized to the peak current measured before the slow inactivation protocol. The normalized current data are shown in black for the control (n = 7) for each data point and in cyan for the maximal dose tested (n = 10 for each data point). The error bars represent the standard error of the mean (SEM) for each data points. (D) The dose-response curve derived from the maximal fraction of Na + current recovered within 10 min measured for each dose is shown (n = 4-11, error bars represent the SEM). For each dose, 'w' the proportion of channels inhibited (100% -current recovered) was calculated and was plotted it as a function of the metaflumizone concentration. The curve was then fitted with a Hill equation (w = 1/((IC50/x)n + 1), where w is the proportion of channels inhibited, x is the concentration and n is the Hill coefficient) 5 min. Recovery from inactivation was measured by eliciting 50-ms pulses at À10 mV every 4 s for 10 min. As shown by the examples presented in Fig. 2A , the oocytes recovered fully from inactivation in the absence of metaflumizone but not in the presence of 10 lM metaflumizone. Figure 2B shows that a much higher fraction of the current recovered over time in the control experiments than in the presence of 10 lM metaflumizone.
The maximal fraction of Na + current recovered within 10 min was then used to calculate the fraction of channels inhibited for each metaflumizone concentration tested. The resulting data points were used to generate a dose-response curve (Fig. 2C) . Solubility issues prevented the inhibited fraction at metaflumizone concentrations exceeding 10 lM from being recorded. The dose-response curve was fitted with a Hill equation using the following parameters: IC 50 = 3.47 lM, Hill coefficient = 0.32.
A Markovian seven-state channel model was used to evaluate the effect of metaflumizone (Fig. 3) . Four closed states were linked by identical voltage-dependent transition rates. Forward and backward transition rates to open and fast inactivation were set as voltage dependent, while those to slow pore-dependent inactivation were set as constant (see Materials and methods). Fitting this model to experimental data recorded in control conditions gave a set of values that made it possible to mimic the kinetics of Na + current traces, the activation and inactivation curves, and the behavior of the channel during a train of depolarizations ( Fig. 3 ; see also Kadala et al. [8] ). Given the location of the SCI binding site within the channel pore [1] , binding of the drug was made possible to the open and slow inactivated states only, and was hypothesized to modify channel behavior by affecting the rate constants to and from the slow inactivating state (that could be modified by factors p and q, respectively, see Materials and methods), while the voltage-dependent transitions between the closed and open states remained unaffected. This scheme was chosen given that no changes in current activation, inactivation, and reactivation kinetics or voltage dependency were observed during metaflumizone perfusion (see above), and also by the fact that the binding site of metaflumizone has been located to the inner pore of the channel [17] . We then modified the p and q values to better fit the simulated traces to the experimental one from Fig. 2 obtained in the presence of 1 and 10 lM metaflumizone. As can be seen in Fig. 4 , with a K d Open of 0.3 lM and a K d Close of 11 lM for metaflumizone, modifying the forward and backward rate constants from the slow inactivated state (K IsF and K IsB ) by a factor of 7 and 0.01, respectively, was able to satisfactory mimic the effects of the drug without any changes in the other parameters, suggesting a restricted action of the drug on the slow inactivation process parameters.
Discussion
In this study, we investigated the effect of metaflumizone, a Na + channel inhibitor insecticide, on AmNa v 1 channels and showed that metaflumizone affects the channels by selectively targeting the recovery from slow inactivated state. We also successfully modeled currents that were modified by the drug. Although the action of this insecticide on other voltage-gated Na + channels has already been investigated [1, 17] , its effect on AmNa v 1 channels is not known. We used the Xenopus oocyte expression system and the two-microelectrode voltage-clamp technique to examine the mechanism by which metaflumizone inhibits AmNa v 1 channels. Metaflumizone did not affect the voltage dependency and the fast gating and fast kinetics of the channels. We then determined whether metaflumizone affects slow gating using a protocol that allows the channels to enter a slow inactivated state and determined the kinetics of recovery in the absence and presence of metaflumizone. Unlike the control conditions, recovery was slow and incomplete in the presence of metaflumizone.
We then used a Markovian model with four closed states and one open state that represented the gating process that opens the channel. Metaflumizone binding was limited to the open and slow inactivated states only, as expected by its use-dependent effects, the location of its binding site and the lack of effect on the kinetics and voltage dependence of activation and fast inactivation (see above). All these data furthermore, thus, suggest that only a few set of parameters were modified by the binding of the drug, and the slowing of the recovery from inactivation shown in Fig. 2 let us think that the slow inactivation process, partly due to voltage-dependent modification of Fig. 4 . Markov model predicts the effects of metaflumizone on Na channel recovery. p and q parameters were modified to fit the experimental traces obtained with different concentrations of metaflumizone using the model described in Fig. 3. (A) Analysis of the effect of metaflumizone (at 1 and 10 lM) using the experimental current traces recorded on oocytes expressing the AmNa V 1 (B). Effect of metaflumizone obtained with the Markov model with a K d of 3.3 lM, p = 1 and q = 0.12. Inset simulated current traces obtained at 10 lM metaflumizone.
the pore structure, could be involved. We, therefore, implemented in our model binding of the drug to the open channel with a K d value of 0.3 lM and to the inactivated channels with a K d of 11 lM, and we try to modify the inward and outward rate constants to and from the slow inactivated state to reproduce the kinetics of recovery from inactivation recorded on oocytes expressing the AmNaV1 channels, shown in Fig. 4A . Interestingly, these kinetics could be mimic by increasing the on-rate by a factor 7 and decreasing the off-rate from slow inactivated state by a factor 100. A more precise value could not be obtained because the amount of experimental points (sampling at 10 kHz during 10 min) and our (limited) calculation capacity preclude any precise fitting tentative. This is, however, consistent with the recent characterization of the metaflumizone-binding site on the sodium channel [17] , with the drug interacting with the pore helices, and thus potentially inhibiting channel permeation and/or slow inactivation. Such approach may thus be use in completion with molecular structure to define precisely the mechanism of action and the active binding moiety involved in the effects of SCI, and thus better understand species and isoform selectivity, and the effect of mutation experiments.
As mentioned previously, we showed that the molecular tools that we developed previously can be used to assess the toxicity of SCI insecticides, thus expanding upon previous work [9] . Similar experiments performed on the Drosophila melanogaster Na V 1 channel expressed with its TipE subunit showed that 10 lM metaflumizone can completely inhibit the Na + current [4] , while the same concentration can inhibit the rat Na V 1.4 channel by 40%. We showed that the AmNa V 1 channel had a fractional inhibition of 58 AE 7% (n = 10, mean AE SEM) in the presence of 10 lM metaflumizone, indicating that it is more sensitive to metaflumizone than mammalian channels, but less so than the Drosophila channel. Further testing with ants, the intended target is warranted to determine whether metaflumizone can be safely used for crop protection without affecting bees. 
